In Brief
Forgetting is a well-regulated function of the brain that allows adaptation to an ever-changing environment. In this study, Cervantes-Sandoval et al. demonstrate that Scribble, identified originally as a cell polarity determinant protein, regulates memory loss by scaffolding a forgetting signalosome.
INTRODUCTION
Active forgetting, a process necessary for optimal cognitive fitness provides balance to the brain's efforts to encode and consolidate new and important information by removing unused or unwanted memories or by suppressing their expression (Anderson, 2003; Storm, 2011; Wixted, 2004) . In contrast to the extensive efforts made to understand how memories are acquired and consolidated, few neuroscience studies have probed the equally important process of forgetting.
Drosophila has emerged as an outstanding model to identify the circuit, cellular, and molecular mechanisms of forgetting. Pioneering molecular genetic studies identified a role for the small G protein Rac1 in forgetting of olfactory memories . Overexpression of a dominant-negative version of Rac1, which is involved in actin cytoskeleton dynamics, in the mushroom body neurons (MBn) slows aversive olfactory memory decay. Adult expression of a constitutively active Rac1 protein has the opposite effect of accelerating the rate of forgetting . Interestingly, another component of actin cytoskeleton machinery was recently implicated in memory forgetting in C.elegans. The RNA binding protein Musashi regulates forgetting by controlling the translation of the Arp2/3 complex, which is involved in actin cytoskeleton branching (Hadziselimovic et al., 2014) .
In a separate effort, we recently discovered that a small group of dopaminergic neurons (DAn) that may have functional connectivity with MBn mediate the process of forgetting (Berry et al., 2012) . Blocking synaptic output from these cells increases memory retention. Conversely, stimulating the output of these neurons after learning increases memory loss. Moreover, this ongoing dopaminergic (DA) activity is modulated with behavioral state, increasing robustly with locomotor activity and decreasing with rest. Increasing sleep drive decreases ongoing DA activity, while enhancing memory retention. Conversely, increasing arousal stimulates ongoing DA activity and accelerates DAbased forgetting (Berry et al., 2015) .
Although forgetting is often thought of as a failure or limitation of the brain, commonly associated with pathological processes, these studies support the view that forgetting is a biologically regulated function of the brain allowing for optimal adaptability to an ever-changing environment. They suggest that olfactory memory systems have dedicated and biologically regulated mechanisms to remove or weaken memories, making forgetting an active process.
Here we show that Scribble (Scrb), a scaffolding protein known primarily for its role as a cell polarity determinant, is required for proper forgetting of olfactory memories. Knocking down scribble expression impairs normal memory forgetting. Moreover, we show that Scrb physically interacts with and functions upstream of Rac1, Pak, and Cofilin within MBn to regulate active forgetting in a signaling pathway that is triggered by the dopamine receptor DAMB and by the ongoing dopaminergic signal.
RESULTS

Scribble Is Necessary for Proper Memory Loss
In a large genetic screen employing $3,500 individual RNAi transgenes and the pan-neuronal nsyb-gal4 driver, we searched for genes whose inhibition (RNAi) produced high memory performance after olfactory classical conditioning using mild electric shock as the unconditioned stimulus (Walkinshaw et al., 2015) . We identified scrb as a memory suppressor gene due to the high memory score at 3 hr after conditioning when compared to gal4-and uas-only genetic controls ( Figure 1A ). Although a uas-only heterozygous control group like that used in Figure 1A has frequently been used to account for possible undesired mutagenic or position effects when employing random P element insertions into the Drosophila genome, we employed a targeted approach in subsequent experiments that obviates the need for both parental controls. The parental line for the scrb RNAi (scrb RNAi ), named 60100, was used throughout our study as the control group. This line contains a P{attP,y + ,w VIE-260B docking site selected based on its low level of basal expression, consistent high level of gal4-dependent expression across a range of tissues (http://flybase.org/reports/FBrf0208510. html) and is without behavioral phenotypes as shown below. The line thus controls for non-specific insertional effects of the docking site and RNAi transgene. Scrb is a tumor suppressor and scaffolding protein that has a critical role as an epithelial cell polarity determinant . It is expressed in neurons and is required for normal synaptic structure and function in both invertebrates and vertebrates (Mathew et al., 2002; Moreau et al., 2010; Roche et al., 2002; Sun et al., 2009 Figure S1C ). Memory retention studies showed that scrb RNAi -expressing flies exhibit performance levels similar to controls immediately after conditioning but at markedly elevated levels at later times ( Figures 1B and S1D ). We then found using the TARGET system (McGuire et al., 2003) that expressing scrb RNAi only during adulthood is sufficient to enhance 3 hr memory performance (Figure 1C) . This ruled out the possibility that the impairment in forgetting ensues from a developmental effect. Although a scrb mutant, smi97B, was reported to be impaired in olfactory avoidance to benzaldehyde (Ganguly et al., 2003) , no significant differences were observed in olfactory and electric shock avoidance for any of the genotypes used for behavioral experiments in our study (Table S1 ). The abnormally high memory expression observed in scrb RNAi flies could arise in at least three different ways: (1) increased acquisition leading to elevated memory, (2) normal acquisition but increased consolidation leading to elevated memory, or (3) normal acquisition and consolidation but decreased forgetting. The equivalent performance of control and scrb RNAi flies immediately after conditioning suggested that the increased memory observed at later time points was not due to improved acquisition ( Figure 1B ). To test this directly and eliminate the possibility of ceiling effects that would mask increased acquisition, we performed two different acquisition experiments by training the flies with an increasing number of shock pulses or 12 pulses of increasing shock intensity. Surprisingly, we observed impaired performance in the acquisition curve of scrb RNAi flies when trained with a limiting number of shock pulses, with a significant difference between scrb RNAi and control flies observed with one or three shock pulses ( Figure 1D ). Similar results showing partially impaired acquisition were reported for the damb mutants despite the elevated memory retention observed in these flies (Berry et al., 2012) . No significant difference in memory expression was observed between the experimental and control groups using electric shock of differing strengths ( Figure 1E ). Together, these experiments indicated that enhanced memory in scrb RNAi flies was not due to increased acquisition.
We then tested the possibility that high memory performance was due to improved memory consolidation. We first fed flies with the protein synthesis inhibitor cyclohexamide (CXM), a treatment that blocks the formation of one type of consolidated memory, protein-synthesis-dependent long-term memory (LTM) (Tully et al., 1994; Yu et al., 2006) . CXM treatment, although impairing LTM formation in control flies ( Figure S2 ), was without effect on the 24 hr memory performance observed for both control and scrb RNAi flies after one cycle of classical conditioning ( Figure 1F ), indicating that the enhanced memory displayed by these flies is not due to more rapid or efficient consolidation of LTM and, furthermore, that the residual memory observed at 24 hr after one cycle of training is protein synthesis independent. We then tested a second form of consolidated memory in Drosophila known as anesthesia-resistant memory (ARM). For this experiment, we subjected conditioned flies to a cold shock 2 hr after training and measured memory at 3 hr. The scrb RNAi flies displayed an elevated memory with and without cold shock, with the magnitude of the elevation over the control in the ''cold shock'' group being insufficient to account for the magnitude of increase in the ''no cold shock'' group ( Figure 1G ). These results revealed that some of the increased memory in scrb RNAi flies remains unconsolidated and some consolidated into ARM.
Scribble Is Required for Interference-Based Induced Forgetting We performed four experiments to test the forgetting processes of scrb RNAi flies using interference-based mechanisms.
In the first, we tested the ability of flies to forget and re-write a memory by training flies to a specific odor combination (CS+ = A and CSÀ = B) and immediately after to the opposite contingency (CS+ = B and CSÀ = A). The flies were then tested for memory of the second contingency in this reversal learning experiment ( Figure 2A ). Control flies typically avoid the odor most recently learned; arguably, because they have the capacity to rapidly update their memories by partly forgetting the no longer ''correct'' or ''less important'' odor contingency. A complete impairment in forgetting due to this interference-based procedure would produce two memories with equal strength in aversion and therefore no preference to one of the odors given a choice between the two. Consistent with these predictions, scrb RNAi flies exhibited no performance gains, whereas control flies exhibited considerable performance gains to the second contingency ( Figure 2A ). We then directly measured the memory of the first odor learned after presenting a second contingency by using a third odor during the memory test. Flies were trained using the same protocol as before but tested with the first odor paired with shock and a never-experienced third odor. The control group given the second training contingency exhibited substantial forgetting, since the second training interfered with memory of the first contingency. The scrb RNAi flies performed significantly better in this assay ( Figure 2B ). These experimental results also support the impaired forgetting hypothesis over enhanced ARM consolidation in scrb RNAi flies since the experiments span a period of minutes, whereas ARM consolidation takes longer. We also performed a retroactive interference experiment by exposing the flies to a second learning session 1.5 hr after the initial one using a completely different odor combination and then testing 3 hr memory. Consistent with impairment in forgetting, scrb RNAi flies exhibited poor retroactive interference produced by a new, unrelated memory ( Figure 2C ). Finally, we tested whether scrb RNAi impaired proactive interference, a decrement in memory due to a prior learning event. Flies were trained using a C/D odor combination immediately after a training session using an A/B odor combination. Memory was then tested to the second odor contingency. Control flies showed a significantly decreased memory score compared to flies without interference, demonstrating the existence of proactive interference in the controls. However, the proactive interference-induced forgetting was impaired in scrb RNAi flies ( Figure 2D ). The combined results from these experiments exploring the effect of interference on memory retention provided compelling evidence that scrb RNAi flies were unable to update memories after a change in contingency, consistent with the idea that the increased memory performance of scrb RNAi flies results from a failure to forget rather than increased consolidation, Thus, Scrb appears to function in forgetting in ways similar to those reported for Rac1 and the dopamine receptor, Damb (Berry et al., 2012; .
Scribble Is Required in MBn and DAn for Proper Memory Loss
To determine where in the brain Scrb is required to regulate forgetting, we expressed the scrb RNAi using a battery of gal4 lines that drive expression in different brain regions that are thought or known to be involved in olfactory memory (Figure 3A) . Surprisingly, expression in two different groups of neurons, DAn and MBn, but no others, increased 3 hr memory. Thus, the memory suppressor function of Scrb occurs in both DAn and MBn, groups of neurons that have previously been shown to be involved in the formation of new memories and also in forgetting (Berry et al., 2012; . Expression of scrb RNAi specifically in MBn and DAn showed similar memory acquisition and decay compared to pan neuronal KD of scrb ( Figure S3 ). MBn are subdivided into three main types: a/b, a'/b', and g MBn (Crittenden et al., 1998) . To further map the memory suppressor function of Scrb, we expressed scrb RNAi in these MBn subtypes using an additional battery of specific gal4 drivers. Memory enhancement was observed when scrb RNAi was expressed in a/b, g, a/b+g, but not a'/b' MBn ( Figure 3B ). Thus, these results map the memory-suppressing function of Scrb onto the same set of MBn that require Damb and Rac1 for forgetting (Han et al., 1996; . There are also several classes of DAn, subdivided according to their projection pattern onto the MB neuropil (Tanaka et al., 2008; Mao and Davis, 2009 ). Expression of scrb RNAi in V1+MV1+MP1
(c150-gal4), MP1 (c061-gal4), and M3 (NP5272-gal4) DAn was without effect on memory performance ( Figure 3B ), suggesting that Scrb is required for memory suppression in a larger set of DAn delimited by the TH-gal4 driver. The expression pattern of all gal4 lines used in this study as revealed by immunohistochemistry is shown in Figure S4 . We confirmed the memory suppressor role for Scrb using flies heterozygous for scrb 1 ( Figure 3C ; , and Scrb effects on forgetting in MBn and DAn using two additional RNAi lines that target different regions of the Scrb mRNA compared to scrb RNAi (Figures 3D and 3E) . We then investigated the endogenous expression pattern of Scrb protein using a scrb gene trap line, scrb::GFP CA07683 and immunohistochemistry to EGFP (Buszczak et al., 2007) . The expression pattern of Scrb revealed by scrb::GFP CA07683 showed strong expression in the MB calyx and the a/b and g MB neuropil but not a'/b' MB neuropil ( Figure 3F ; Movie S1), in accordance with the mapping of Scrb behavioral functions (Figures 3A and 3B) to MBn and DAn. We also observed expression in the EB, the fan-shape body, and more limited expression in the antennal lobes and protocerebral bridge. A similar expression pattern was observed when brains were probed using an anti-Scrb antibody ( Figure 3G ). Knocking down scrb expression using the MB-specific R13F02-gal4 driver confirmed that expression observed in MB lobes arises primarily from MBn and not other MB extrinsic neurons (Movie S2), with the knockdown being most pronounced in the MBg neurons.
The DA Forgetting Signal Is Upstream of Scribble and Rac1 in the Regulation of Forgetting We recently proposed that the continuous release of DA, regulated in part by the behavioral state of the animal, engages the Damb receptor expressed by the MBn and activates a signaling pathway leading to the forgetting of recently acquired memories (Berry et al., 2012 (Berry et al., , 2015 . We performed epistasis experiments to explore the relationship between the DA signal, Damb receptor, Rac1, and Scrb to uncover their potential relationships to one another in active forgetting.
Our prior studies demonstrated that Damb receptor mutants exhibited impaired forgetting (Berry et al., 2012) . We asked here whether Damb abundance is a limiting factor for forgetting by overexpressing the receptor in adult MBn using the TARGET system ( Figures 4A and 4B ). The results indicated that Damb receptor overexpression in these neurons using the uas-damb#3 transgene decreases 3 hr memory without effects on immediate memory, showing that the levels of Damb receptor in control flies limits the magnitude of forgetting ( Figure 4A ).
We then asked whether the Damb receptor and Rac1 are part of the same biochemical forgetting pathway by combining the overexpression of Damb, which promotes forgetting, with the expression of Rac1 N17 , which impairs forgetting . This experiment utilized a MBn-specific gal4 driver and the TARGET system, such that the potential Damb/Rac1 interactions occur specifically in the adult MBn. We predicted that: (1) Figure 4B ). This important result indicated that Rac1 is downstream of Damb in the same pathway for forgetting in the MBn; thus, merging the previously reported Rac1-based forgetting system ) and the DA-based forgetting system (Berry et al., 2012 ) into a single signaling pathway.
We then expressed scrb RNAi specifically in the MBn and thermogenetically activated the DAn using the heat-activated channel, TrpA1. For this experiment, TrpA1 was expressed in DAn using the lexA-lexAop system. We predicted that if Scrb is downstream of the DAn signal, then scrb RNAi expression in the MBn should block the accelerated forgetting caused by excessive DAn signaling. Expression of scrb RNAi by itself in MBn at both 23 and 32 C enhanced memory as expected ( Figure 4C ). In addition, TrpA1-dependent stimulation of DAn using high temperature accelerated forgetting ( Figure 4C ). Importantly, scrb RNAi expression in MBn partially protected memory from accelerated forgetting due to the strong activation of DAn with TrpA1 ( Figure 4C ). The partial protection conferred by scrb knockdown is likely due to the imbalance between the two signals; the partial knockdown of scrb and/or the potent increase in DAn signaling due to TrpA activation. These results support the model that the Scrb protein in the MBn participates in reading the forgetting signal supplied by the DAn.
Scribble Physically and Genetically Interacts with Rac1, Pak3, and Cofilin, Scaffolding a Signalosome for DA-Based, Active Forgetting Previous studies have shown that Scrb interacts with and is directly involved in the activation of Rac1 (Wigerius et al., 2013; Nola et al., 2008; Zhan et al., 2008) . In addition, Scrb is known to interact physically with p21-activated protein kinases (Pak; Bahri et al., 2010; Nola et al., 2008 and scrb RNAi specifically in the adult MBn. We observed the Rac1 V12 phenotype in this epistasis experiment ( Figure 5A ), consistent with the model that Scrb is upstream of Rac1 in the biochemistry of memory forgetting. We also tested the hypothesis that Scrb is functionally in the same signaling pathway as Cofilin. For this, we co-expressed a constitutively active form of Cofilin (tsrS3A) and scrb RNAi in MBn, predicting that the increased memory retention observed in scrb RNAi flies and in flies overexpressing tsrS3A would be additive if in separate pathways, and non-additive if they participated functionally in the same signaling pathway. Consistent with the latter possibility, no additive effect was observed ( Figure 5B ). Although these were not classical epistasis experiments using null mutant alleles, the results are consistent with the model that Scrb genetically interacts with Rac1 and Cofilin for the regulation of forgetting. We then tested whether Scrb physically associates with proteins involved in forgetting and scaffolds a forgetting signalosome. For this purpose, we immunoprecipitated (IP) Scrb using scrb::GFP CA07683 flies and anti-GFP antibodies and probed the immunoprecipitates with antibodies to candidate binding partners. Western blots of fly head extracts were first employed to identify Scrb and its potential binding partners ( Figure S5 ). The Scrb:GFP fusion protein, which is predicted to have multiple isoforms, was identified as a series of bands ranging from $80 to >250 kDa. The candidate proteins were identified as bands running according to their predicted molecular weight: Cofilin (19 kDa), Pak3 (66 kDa), Rac1 (21KDa), and Gapdh (35 KDa). After IP transfer, membranes were stripped and probed with individual antibodies. The results revealed that Scrb interacts physically with Rac1, Pak3, and Cofilin ( Figure 5C ). As described in prior studies (Wigerius et al., 2013) , the interaction with Rac1 was weak and observed in only five of seven assays performed. To confirm this physical interaction, we probed Rac1 immunoprecipitates with an anti-Scrb antibody and observed the interaction in this reciprocal assay ( Figure 5C ). Finally, we assayed the effect of Scrb knockdown on Rac1/Pak3/Cofilin signaling. We expressed scrb RNAi using nsyb-gal4 and measured the levels of the final product of this signaling cascade, phospho-Cofilin. Scrb knockdown significantly reduced the levels of p-Cofilin (Figure 5D ), the inactive form of Cofilin. Altogether, these results indicated that Scrb physically and genetically interacts with the signaling proteins Rac1, Pak, and Cofilin, regulating memory loss by scaffolding a forgetting signalosome activated by the dopaminergic forgetting signal. 
Scribble Is Required to Maintain Normal Ongoing Dopaminergic Neuron Activity
Since Scrb is a scaffolding protein expressed in both pre-and postsynaptic specializations for proper synaptic structure and function (Mathew et al., 2002; Moreau et al., 2010; Roche et al., 2002; Sun et al., 2009) , and functions as a memory suppressor protein in both DAn and MBn, we reasoned that Scrb might be involved in DAn-MB signaling but also in the generation or maintenance of DAn ongoing activity. To explore this general idea, we posed the following question: does scrb RNAi alter DAn ongoing activity? Scrb mutants have been reported to alter both frequency and amplitude of spontaneous synaptic currents in flies and mice (Moreau et al., 2010; Roche et al., 2002 ) and so we measured the spontaneous calcium transients previously observed in DAns that represent the forgetting signal (Berry et al., 2012) . We recorded the ongoing activity of DAn ( Figure 6A) (Berry et al., 2015) . Opposite to what we expected, scrb RNAi in MBn significantly increased the spontaneous activity of DAn projecting to the MV1 region of the MB lobes ( Figures 6C and 6E ). Activity in DAn projections to the a/a' lobe tips as well as the V1 and aimpr areas remained unaltered. These results suggested the existence of a retrograde homeostatic control signal on DAn activity (Davis, 2013) . Acting alone, such increased DAn activity would be expected to produce increased forgetting, but MBn lacking Scrb function would make this increased activity unreadable. Since DAn activity increases with arousal and decreases with rest (Berry et al., 2015) , we questioned whether the expression of scrb RNAi influences the state of arousal. We failed to find any significant alterations in the sleep/wake cycle of flies expressing scrb RNAi in either MBn or DAn ( Figure S6 ). This indicates that the observed effects of scrb RNAi on DAn activity and memory are not the indirect effects of altering behavioral arousal patterns.
DISCUSSION
Here we demonstrate that Scrb is a new player that orchestrates a signaling complex employed in the biology of forgetting. This conclusion is drawn from four lines of evidence. First, scrb knockdown flies show slower memory decay after aversive conditioning. This impairment is not due to increased memory acquisition or consolidation of protein synthesis-dependent memory (Figure 1) . Although scrb knockdown flies have increased ARM (Figure 1G ), behavioral experiments demonstrated that Scrb knockdown has a primary deficit in interference induced forgetting (Figure 2) . Second, Scrb is expressed and required within the nodes of the circuit required for adult fly memory formation and memory forgetting, including MBn (a/b and g neurons) and DAn ( Figure 3) . Third, epistasis experiments show that Scrb works at the interface between ongoing DA signaling and Rac1 activation/Cofilin phosphorylation (Figures 4 and 5) , being functionally downstream of the ongoing DA signaling and the Damb receptor, and upstream of Rac1 and Cofilin. Fourth, Scrb interacts physically with Rac1, Pak3, and Cofilin ( Figure 5 ) and through its scaffolding function orchestrates a signalosome employed for active forgetting. Figure 7 illustrates our model of Scrb function in active forgetting. Scrb is necessary in both DAn and MBn for normal propagation of the forgetting signal. In the wild-type situation (Figure 7 , left), ongoing activity in DAn, regulated by the behavioral state (Berry et al., 2015) , initiates the forgetting signal to the MBn by activating the Damb receptor, which, in turn, deploys the forgetting signalosome and the activation of Rac1, Pak3, and the phosphorylation of Cofilin in the MBn. This signaling complex regulates actin dynamics and produces cytoskeletal changes that emerge as forgetting . Reducing Scrb function in MBn impairs the forgetting signal postsynaptically (Figure 7, middle) , by altering the abundance and efficacy of the forgetting signaling complex. Unexpectedly, we discovered a presynaptic increase of ongoing DAn activity when Scrb is KD in the MBn. How this occurs is not yet understood. Recent studies have identified the existence of many loops within the circuitry of MB (Aso et al., 2014) . MB output neurons can be presynaptic to DAn, which in turn, are pre-synaptic to MB. Additionally, some MB output neurons also synapse back directly on other MBn axons (Aso et al., 2014) . It is possible that these loops contribute to the regulation of DAn spontaneous activity by MB output. Other possibilities include the existence of bidirectional synapses between DAn and MB or a retroactive signal, similar to that reported at the neuromuscular junction (Davis, 2013) . Normal Scrb expression is also required in DAn for normal memory loss (Figure 7, right) . In this instance, Scrb is necessary for maintaining the ongoing activity of DAn, presumably by altering presynaptic release or by interfering postsynaptically with DAn stimulation by upstream neurons.
We also show that Scrb slightly impairs acquisition when flies are trained with mild conditioning protocols, i.e., low shock number. Similar mild learning defect was described for the forgetting mutant, damb (Berry et al., 2012) . Whether the molecular ma- Ongoing activity of DAn through the Damb receptor modulates the strength of the ''forgetting signal'' (red arrow) in the MBn. The Scrib protein scaffolds a signaling complex consisting of Rac1, Pak3, and Cofilin. Knocking down scrb in MBn impairs postsynaptic signaling of forgetting (middle). Knocking down scrb also increases ongoing DAn activity through a retroactive signal (blue arrow). Scrb is also required in the presynaptic compartment, e.g., in DAn for normal memory loss by maintaining the ongoing activity in these neurons (right). chinery required for forgetting partially overlaps with the memory acquisition signaling remains to be elucidated. We proposed before (Berry et al., 2015) that the arousal-coupled DA signal could regulate the plasticity of the memory system, making it malleable for memory updating so that current memories can be formed and old, unused memories can be forgotten. If this is true, it is conceivable that Scribble as part of this signaling pathway has some overlapping role between learning and forgetting events.
Synaptic scaffolding molecules, by virtue of their ability to simultaneously bind multiple proteins, play crucial roles in orchestrating and integrating structural and functional molecular interactions in signaling systems. This magnifies their significance for understanding signaling processes. Here we provide evidence that Scrb, a scaffolding protein for synaptic molecules, is essential for the recently discovered process of active forgetting. We anticipate that other molecules besides Rac1, Pak3, and Cofilin will be found to interact with Scrb and participate in regulating the forgetting of memories. Whether these molecular components are disrupted in the pathologies of forgetting remains to be explored.
EXPERIMENTAL PROCEDURES
Drosophila Husbandry Flies were cultured on standard medium at room temperature. Crosses, unless otherwise stated, were kept at 25 C and 70% relative humidity with a 12 hr light-dark cycle. The gal4 drivers used in this study include nsyb-gal4, th-gal4 (Friggi-Grelin et al., 2003 ), c772-gal4, 238y-gal4 (Yang et al., 1995 , gh146-gal4 (Stocker et al., 1997) , NP2492-gal4 (Tanaka et al., 2008) , VT64246-gal4 (Lee et al., 2011) , R13F02-gal4 (Jenett et al., 2012) , NP2631-gal4 (Tanaka et al., 2008) , MZ604-gal4 (Ito et al., 1998) , Or83b-gal4 (Wang et al., 2003) , G0431-gal4 (Chen et al., 2012) , c739-gal4 (Yang et al., 1995) , c305a-gal4 (Krashes et al., 2007) , 1471-gal4 (Isabel et al., 2004) , c150-gal4 (Dubnau et al., 2003) , c061-gal4 (Krashes et al., 2009), and NP5272-gal4 (Tanaka et al., 2008) . We also employed the th-lexA driver described by Berry et al. (2015) . The uas-RNAi transgene stocks from the KK library (http:// stockcenter.vdrc.at/) include control line (60100) (Luo et al., 1994) .
The lexAop transgene stocks include lexAop-trpA1 (Burke et al., 2012) , lexAop-tdTom (Yuan et al., 2011) , and lexAop-g-camp3.0 (Yao et al., 2012) . Additional stocks employed include tub-gal80 ts (McGuire et al., 2003) , MB-gal80 (Krashes et al., 2007) , scrb 1 , and scrb::GFP CA07683 (Buszczak et al., 2007) .
For the production of uas-damb lines, the dopamine 1-like receptor 2 isoform A cDNA (Genebank: NM_170420.2) was amplified from pKS-damb (Han et al., 1996) with the following primer set: forward 5 0 -GGAATTGG GAATTCCTGAGTTGCAATGG-3 0 and reverse 5 0 -AGAGGTACCCTCGAGTCA CATGAGCGTCCGGT-3 0 . These primers included an EcoRI site located +15 bp upstream of the damb start site and introduced a stop codon followed by an XhoI site downstream of the last coding nucleotide. The PCR product was digested with EcoRI and XhoI and ligated into the pUAST vector downstream of the Hsp70 minimal promoter and upstream of the SV40 terminator sequence. The construct was then used to generate flies used to overexpress the Damb receptor (Rainbow Transgenic Flies). After chromosome mapping, the behavior of flies expressing different uasdamb insertions was evaluated. We measured 3 min and 3 hr memory of adult flies expressing different uas-damb insertions in MBn using R13F02-gal4 and the TARGET system. Fly line uas-damb#3, inserted on the second chromosome, was used for further experiments since it did not show a 3 min memory deficit when expressed in adult flies. In contrast, 3 hr memory was impaired in these animals, suggesting an accelerated memory loss ( Figure 4A ). Additional lines were discarded from further analysis because they showed a 3 min memory phenotype. This difference may come from differences in expression levels that could lead to memory acquisition inhibition.
Behavior
We used 2-to 6-day-old flies for all behavior experiments. Standard aversive olfactory conditioning experiments were performed as described (Beck et al., 2000) . Briefly, a group of $60 flies were loaded into a training tube where they received the following sequence of stimuli: 30 s of air, 1 min of an odor paired with 12 pulses of 90 V electric shock (CS+), 30 s of air, 1 min of a second odor with no electric shock pulses (CSÀ), and finally 30 s of air. We used 3-octanol (OCT) and 4-methylcyclohexanol (MCH) as standard odorants. Additional odorants were used for reversal and interference experiments (see below). To measure memory, we transferred the flies into a T-maze where they were allowed 2 min to choose between the two odors used for training. To test memory retention curves, we tapped the flies after conditioning back into food vials to be tested at later time points (1, 3, 6, 12, and 24 hr) .
Acquisition curves were performed by training the flies with 1, 2, 3, 6, or 12 electric shock pulses evenly distributed over 1 min of the CS+ presentation. A second acquisition curve was obtained by training the flies with 12 electric shock pulses of different intensity (10, 20, 45, and 90 V) .
For cyclohexamide experiments, flies were fed with 35 mM cyclohexamide (CXM), 5% glucose dissolved in 3% ethanol solution for 16 hr (overnight). Control flies were fed in 5% glucose dissolved in 3% ethanol. Flies were transferred to regular food vials 1 hr before conditioning. Memory was tested 24 hr after training.
Cold shock experiments were performed by transferring trained flies to cold glass vials ($0 C) 2 hr after training for 2 min duration. The flies were returned to food vial at 25 C and memory tested 3 hr after training. Flies were reared at either 18 C or 30 C for TARGET experiments. One-to two-day-old flies were transferred and kept at 30 C or 18 C for 4 days. Control flies were maintained at 18 C or 30 C throughout the experiment. For all conditions, flies were transferred to 25 C 1 hr prior to training and until the end of experiment.
Reversal learning experiments were performed by training flies with the standard conditioning protocol (CS+ = OCT, CSÀ = MCH; reciprocal CS+ = MCH, CSÀ = OCT) followed by 1 min of air and then the reverse odor-shock contingency (CS+ = MCH, CSÀ = OCT; reciprocal CS+ = OCT, CSÀ = MCH). The memory test was performed immediately after reversal training. For reversal learning with third odor, flies were trained as described for reversal learning (CS+ = OCT, CSÀ = BEN; reciprocal CS+ = MCH, CSÀ = BEN) followed by 1 min of air and the reverse odor-shock contingency (CS+ = BEN, CSÀ = OCT; reciprocal CS+ = BEN, CSÀ = MCH). The memory test was performed using the odor first use as CS+ and a third odor (i.e., OCT and MCH) not experienced during training.
For retroactive interference experiments, flies were trained using the standard conditioning protocol with OCT and MCH. Then flies were then re-trained 1.5 hr after the first training session with a second odor combination using benzaldehyde (BEN) and methylsalicylate (MES). The memory test was performed 3 hr after initial training using OCT and MCH. For proactive interference experiments, flies were trained using the standard conditioning protocol with BEN and MES, exposed to 1 min of air, and then re-trained using OCT and MCH. The memory test was performed immediately after the second training session using OCT and MCH.
Flies were transferred to 23 C 1 hr before training for TrpA1 stimulation experiments. They were trained using the standard aversive protocol. At 1.5 hr after training, flies were transferred to 32 C for 5 min and then returned to 23 C. Memory was measured at 3 hr after conditioning. Control flies were kept at 23 C throughout the experiment.
Drosophila sleep and activity were measured using the Drosophila Activity Monitoring System (Trikinetcs) as described previously (Shaw et al., 2000) . In summary, flies were placed into individual 65 mm tubes and the activity was continuously monitored. Locomotor activity was measured in 1 min bins and sleep was defined as periods of quiescence lasting at least 5 m. Sleep in min/hr data was plotted as a function of zeitgeber time (ZT).
Functional Imaging Experiments
Spontaneous activity of DAn was recorded as previously reported (Berry et al., 2012) . Briefly, a single fly was aspirated without anesthesia into a narrow slot, the width of a fly, in a custom-designed recording chamber. The head was immobilized by gluing the eyes to the chamber using myristic acid and the proboscis also fixed to reduce movements. A small, square section of dorsal cuticle was removed from the head to allow optical access to the brain. Fresh saline (103 mM NaCl, 3 mM KCl, 5 mM HEPES, 1.5 mM CaCl 2 , MgCl 2 , 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 10 mM trehalose, 7 mM sucrose, and 10 mM glucose [pH 7.2]) was perfused immediately across the brain to prevent desiccation and ensure the health of the fly. Using a 253 water-immersion objective and a Leica TCS SP5 II confocal microscope with a 488 nm argon laser, we imaged the TH neurons spontaneous activity. We used one PMT channel (510-550 nm) to detect G-CaMP3.0 fluorescence and a second PMT channel to detect either RFP (610-700 nm) or TdTomato (600-700 nm) fluorescence. Recordings were collected at 2 frames/s during a 10 min recording session. The activity per second was calculated for each recording using algorithms previously described (Berry et al., 2012) .
Antibody Production
Antisera to Scrb were obtained by immunizing rabbits with four synthetic peptides of Scrb. The peptide sequences were REVTRLIGHPVFSED, REYRGPLEPPTSPRS, DHEEDERLRQDFDV, and KSPSEHHEQDKIQKT. Rabbits were immunized with a mixture of the four peptides together with Complete Freund's adjuvant followed by two boost injections on days 14 and 28 with Incomplete Freund's adjuvant. The serum was tested by ELISA against the synthetic peptides and by competition assays using western blotting of a recombinant Scrb polypeptide. The antisera against peptides REYRGPLEPPTSPRS and DHEEDERLRQDFDV proved to be the most robust, so that these antisera were then purified by affinity chromatography using these peptides.
Immunostaining
Whole brains were isolated and processed with minor modifications of those described (Jenett et al., 2012) . Brains were first incubated with rabbit polyclonal anti-GFP (1:1,000, Life Technologies cat# A11122, RRID: AB_10073917) or anti-Scrb (1:50, RRID: AB_2571725) and mouse monoclonal anti-nc82 (1:50, University of Iowa, DSHB, RRID: AB_2314866) followed by incubation with anti-rabbit IgG conjugated to Alexa Fluor 488 (1:800, Life Technologies Cat# A11008, RRID: AB_143165) and anti-mouse IgG conjugated to Alexa Fluor 633 (1:400, Life Technologies Cat# A21052, RRID: AB_1414589). Images were collected using a 103 dry objective and a Leica TCS SP5 II confocal microscope with 488 and 633 nm lasers. The step size for z stacks was 1 mm with images collected at 512 3 512 pixel resolution. To quantify the expression of Scrb in MB lobes from flies expressing scrb RNAi using the MB R13F04-gal4 driver, we drew an ROI to measure mean fluorescence intensity across the multiple substacks containing g lobes. An ROI from the antenna-mechanosensory and motor center (AMMC) that showed no antiScrb signal was used for background subtraction. Data were then normalized to control brains containing only gal4 driver.
Western Blots
Western blots were used to measure Scrb protein in flies expressing different RNAi using nsyb-gal4 driver in the scrb::GFP CA07683 background. These genetrap flies express endogenous Scrb::GFP as a fusion protein using the endogenous scrb promoter/enhancer functions. Protein extracts were obtained by homogenizing 50 fly heads in RIPA lysis buffer, pH 7.5 (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na 3 VO 4 , 1 mg/mL leupeptin). The equivalent of three fly heads was then loaded in each lane for SDS-PAGE. After transfer, PVDF membranes were blocked for 2 hr with 5% skim milk, 1% BSA in wash buffer (Tris buffered saline with 0.1% Tween-20). The membrane was then washed six times for 10 min and then incubated with primary antibody (anti-GFP, 1:1,000, RRID: AB_439690; anti-Scrb, 1:1,000 RRID: AB_2571725; or anti-GAPDH, 1:1,000, RRID: AB_1080976) overnight at 4 C. After washing six more times, the membrane was incubated with HRP-conjugated secondary antibody for 1 hr (1:5000, Jackson Immunoresearch Cat# 111-035-144, RRID: AB_2307391). After six more wash cycles, the membrane was incubated with substrate, Advansta WesternBright Quantum (Cat# K-12042-D10), and the intensity of the resulting bands was quantified using the ImageJ software gel analysis tool. Relative expression was then calculated to the respective genetic control.
Immunoprecipitation
Immunoprecipitation experiments were performed to identify proteins that physically interact with Scrb. Briefly, 3,000 Scrb::GFP CA07683 fly heads were lysed in 1.5 mL of RIPA buffer (Cell Signaling Technology) supplemented with cocktails of protease and phosphatase Inhibitors (Roche) . The samples were pre-clear by incubation with Sepharose beads (Sigma-Aldrich) and protein A beads pre-conjugated with rabbit IgG (CST 2729S) in 1 mL of RIPA buffer for 4 hr at 4 C. After pre-clearing, the samples were incubated overnight at 4 C with 100 mL slurry of anti-GFP-conjugated Sepharose beads (Abcam ab69314) or unconjugated Sepharose beads. The beads were washed and protein complexes eluted with 23 Laemmli Sample Buffer (BioRad). SDS-PAGE was performed using a 4%-15% gradient gel and the gel proteins transferred to PVDF membrane for immunoblotting. Immunoprecipitation experiments utilizing anti-Rac1 were performed with w cs10 flies as described above except that the lysates were incubated with 100 mL slurry of protein A agarose beads plus 2.5 mg of anti-Rac1 mouse monoclonal antibody Control lysates were incubated with beads alone. Immunoblots were performed as described above. The primary antibodies employed were: rabbit anti-GFP, 1:1,000 (Sigma cat# G1544, RRID: AB_439690); monoclonal anti-Rac1, 1:500 (BD Transduction Labs cat# 610650, RRID: AB_397977); monoclonal anti-Pak3, 1:1,000 (kindly donated by Nicholas Harden, RRID: AB_2566940); rabbit anti-Cofilin, 1:1,000 (Signalway cat# 40769, RRID: AB_2571724); rabbit anti-pCofilin, 1:1,000 (Signalway cat# 11139, RRID: AB_895208); rabbit anti-Scrb, 1:1,000 (generated here, RRID: AB_2571725).
Quantitative RT-PCR Total RNA was extracted from 30 fly heads using QIAGEN Qiashredder columns and the RNeasy lipid tissue kit (cat No. 74804). One hundred nanograms of RNA was then used for synthesis of cDNA using random hexamers and the SuperScript III first strand synthesis kit (Invitrogen, cat no. 18080-51) . Real-time RT-PCR was then performed using an Applied Biosystems quantitative assay for scrb (dm02151118_g1). The expression of the housekeeping gene gapdh (dm01843776_s1) was used to normalize expression. Relative expression was then calculated to the respective genetic control.
Statistical Analyses
Statistics were performed using Prism 5 (Graphpad, RRID: rid_000081)). All tests were two tailed and confidence levels were set at a = 0.05. The figure legends present the p values and comparisons made for each experiment. Unless otherwise stated, non-parametric tests were used for in vivo imaging data and DAM system monitoring, while parametric tests were used for olfactory memory comparisons as PI values are normally distributed (Walkinshaw et al., 2015) .
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